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INORGANIC PARTICLE CONJUGATES 

CLAIM OF PRIORITY 

[0001] This application claims priority to US. Patent 
Application Serial No. 60/190,766 ?led on Mar. 20, 2000, 
the entire contents of Which are hereby incorporated by 
reference. 

FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 

[0002] This invention Was made With government support 
under Contract No. DMR-98-08941 from the National Sci 
ence Foundation and Contract Nos. N0001499WX30470 
and N0001400WX20094 from the Office of Naval Research. 
The government may have certain rights in the invention. 

BACKGROUND 

[0003] This invention relates to ionic conjugates including 
inorganic particles and macromolecules, and more particu 
larly to an electrostatic conjugate useful in detecting the 
presence or absence of speci?c species, such as for detecting 
a biological target. 

[0004] Labeling of biological molecules using ?uorescent 
tags is a common and useful practice in biological science. 
Fluorescent small molecules (conventional organic dyes) are 
used in both single and simultaneous multiple detection 
approaches. HoWever, biological tagging using organic ?uo 
rophores has signi?cant limitations. Fluorescent molecules 
tend to have narroW absorption spectra and their emission 
spectra are usually broad and exhibit red tailing, making 
simultaneous quantitative evaluation of relative amounts of 
different probes present in the same sample dif?cult due to 
spectral cross talk betWeen various detection channels. Fur 
thermore, any desired variations of the absorption and/or 
emission spectra of tagged bioconjugates require the use of 
distinct molecular labels With attendant synthesis and bio 
conjugation challenges. Nonetheless, the use of multiple 
labels has achieved a considerable level of sophistication, as 
demonstrated by recent ?oW cytometry Work involving a 
three-laser system and eight-color marking scheme to simul 
taneously measure a total of 10 parameters on cellular 
antigens. 

SUMMARY 

[0005] An ionic conjugate forms through self-assembly in 
Which inorganic particles electrostatically attach associate 
With at least one macromolecule. One type of association is 
self-assembly. Self-assembly is a coordinated action of 
independent entities under distributed (i.e., non-central) 
control to produce a larger structure or to achieve a desired 
group effect. Instances of self-assembly occur in biology, 
e.g., embryology and morphogenesis, and in chemistry, e.g., 
the formation of more loosely bound supramolecular struc 
tures from groups of molecules. Self-assembly of ionic 
conjugates is driven by noncovalent binding such as elec 
trostatic interactions betWeen charged, ioniZable, or charge 
able linking groups of the inorganic particles and comple 
mentary groups of the macromolecule. 

[0006] Each of the macromolecules can also include a 
moiety that reacts With or exhibits an af?nity for a prede 
termined chemical species or biological target. For example, 
the macromolecule can include an antibody, polynucleotide, 
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or cell membrane having a charged, ioniZable, or chargeable 
linking group. Alternatively, a macromolecule that does not 
react With or exhibit an af?nity for a predetermined chemical 
species or biological target can be attached to a biological 
moiety With such properties. In this instance, the macromol 
ecule portion electrostatically self-assembles With the inor 
ganic particle and the biological moiety interacts With a 
predetermined chemical species or biological target. As a 
result, the macromolecules forming the self-assembled 
supramolecular structures can be preselected so that the 
ionic conjugate Will include a macromolecule that Will 
directly or indirectly react With or exhibit af?nity for a 
speci?c species. 

[0007] Inorganic particles such as semiconductor nanoc 
rystals provide a solution to many of the problems encoun 
tered by organic small molecules in ?uorescent tagging 
applications, by offering advantages such as a high photo 
bleaching threshold, excellent chemical stability, and readily 
tunable spectral properties. Combining the siZe-dependent 
luminescence emission properties of the nanocrystals, their 
Wide range of useful excitation and emission Wavelengths, 
resistance to photo-bleaching, and a high quantum yield in 
aqueous solutions (high sensitivity) makes these materials 
very attractive for the labeling of biological targets via a 
self-assembled nanocrystal-macromolecule in Which the 
macromolecule contains a moiety having an af?nity for a 
speci?c biological target. 

[0008] In one aspect, the invention features a composition 
including an inorganic particle, a linking group Which has a 
distal end and a proximal end, the distal end being bound to 
an outer surface of the inorganic particle and the proximal 
end including a ?rst charged or ioniZable moiety, and a 
macromolecule having a second charged or ioniZable moi 
ety, in Which the ?rst and second charged or ioniZable 
moieties associates the inorganic particle electrostatically 
With the macromolecule to form an ionic conjugate. The 
macromolecule can be a fusion protein having a second 
charged or ioniZable moiety, Wherein the ?rst and second 
charged or ioniZable moieties electrostatically associates the 
inorganic particle With the fusion protein to form an ionic 
conjugate. 

[0009] In another aspect, the invention features a method 
of forming an ionic conjugate by providing an inorganic 
particle including a linking group having a distal end and a 
proximal end, the distal end being bound to an outer surface 
of the inorganic particle and the proximal end including a 
?rst charged or ioniZable moiety; and contacting a macro 
molecule having a second charged or ioniZable moiety With 
the inorganic particle, in Which the ?rst and second charged 
or ioniZable moieties electrostatically associate the inorganic 
particle With the macromolecule to form an ionic conjugate. 
The method can further include contacting a plurality of 
macromolecules, each of the macromolecules including a 
charged or ioniZable moiety, With the inorganic particle to 
electrostatically associate the plurality of macromolecules 
With the inorganic particle via a plurality of inorganic 
particle linking groups. The macromolecule can be formed 
by recombinant or synthetic methods, or isolated from a 
natural source. Each member of the plurality of macromol 
ecules can be the same or different species. 

[0010] In another aspect, the invention features, a method 
of detecting the presence of a predetermined species in a 
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solution. The method includes contacting a solution With an 
ionic conjugate, in Which the ionic conjugate includes an 
inorganic particle electrostatically associated With a macro 
molecule, the macromolecule capable of binding speci?cally 
to the predetermined species. The method can further 
includes forming an ionic conjugate by adding an inorganic 
particle and a macromolecule to the solution. The inorganic 
particle includes a linking group having a distal end and a 
proXimal end, the distal end being bound to an outer surface 
of the inorganic particle and the proXimal end including a 
?rst charged or ioniZable moiety. The macromolecule 
includes a second charged or ioniZable moiety. The ?rst and 
second charged or ioniZable moieties associate electrostati 
cally to form the ionic conjugate. 

[0011] Embodiments of the invention may include one or 
more of the folloWing. The inorganic particle can be a 
semiconducting nanocrystal (QD). The semiconductor 
nanocrystal can include a ?rst semiconductor material 
selected from the group consisting of a Group II-VI com 
pound, a Group II-V compound, a Group III-VI compound, 
a Group III-V compound, a Group IV-VI compound, a 
Group I-III-VI compound, a Group II-IV-VI compound, and 
a Group II-IV-V compound. The ?rst semiconductor mate 
rial can be selected from the group consisting of ZnS, ZnSe, 
ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, AlN, AlP, AlAs, 
AlSb, GaN, GaP, GaAs, GaSb, GaSe, InN, InP, InAs, InSb, 
TlN, TlP, TlAs, TlSb, PbS, PbSe, PbTe, and miXtures 
thereof. The ?rst semiconductor material can be CdSe. The 
?rst semiconductor material can be overcoated With a sec 
ond semiconductor material. The second semiconductor 
material can be ZnS, ZnO, ZnSe, ZnTe, CdS, CdO, CdSe, 
CdTe, MgS, MgSe, HgO, HgS, HgSe, HgTe, AlN, AlP, 
AlAs, AlSb, GaN, GaP, GaAs, GaSb, GaSe, InN, InP, InAs, 
InSb, TlN, TlP, TlAs, TlSb, PbS, PbSe, PbTe, SiO2, or 
miXtures thereof. 

[0012] The inorganic particle can include a plurality of 
linking groups each independently including a charged or 
ioniZable moiety. The ionic conjugate can include a plurality 
of macromolecules, each of the macromolecules including a 
charged or ioniZable moiety. The plurality of macromol 
ecules can associate With the inorganic particle via electro 
static interaction With the plurality of inorganic particle 
linking groups. The inorganic particle can include Ag, Au, or 
a phosphor. The ?rst and second charged or ioniZable groups 
can include hydroxide, alkoXide, carboXylate, sulfonate, 
phosphate, phosphonate, or quaternary ammonium. The 
second charged or ioniZable moiety can be a leucine Zipper. 
The second charged or ioniZable moiety can be polyaspar 
tate. The macromolecule can include a polypeptide or poly 
nucleotide, such as a maltose binding protein or an immu 
noglobulin G binding protein. 

[0013] The linking group can have the formula: 

[0015] R1 is selected from the group consisting of 
C1-C100 heteroalkyl, C2-C 100 heteroalkenyl, het 

Dec. 5, 2002 

—P(S)OR, Wherein R, R‘, R“ are independently 
selected from the group consisting of H, a branched 
or unbranched C1-C100 alkyl, a branched or 
unbranched C2-C100 alkenyl, a branched or 
unbranched C2-C100 alkynyl, a branched or 
unbranched C1-C100 heteroalkyl, a branched or 
unbranched C2-C100 heteroalkenyl, a branched or 
unbranched C2-C100 heteroalkynyl, With the pro 
viso that When a is greater than 1 the R1 groups can 
be attached to the R2 or R3 groups at the same or 
different atoms Within those groups, the R1 groups 
can be the same or different, or the R1 groups can 
form a siX, seven, eight, nine, or ten membered 
cycloalkyl, cycloalkenyl, heterocyclic, aryl, het 
eroaryl, or a siX- to thirty-membered croWn ether or 
heterocroWn ether; 

[0016] R2 is selected from a bond, a branched or 
unbranched C2-C 100 alkylene, a branched or 
unbranched C2-C100 alkenylene, a branched or 
unbranched C2-C100 heteroalkenylene, cycloalkyl, 
cycloalkenyl, cycloalkynyl, heterocyclic, aryl, and 
heteroaryl; 

[0017] R3 is selected from a branched or unbranched 
C2-C100 alkylene, a branched or unbranched 
C2-C100 alkenylene, a branched or unbranched 
C2-C100 heteroalkenylene, cycloalkyl, cycloalk 
enyl, cycloalkynyl, heterocyclic, aryl, and heteoaryl; 

[0018] R4 is selected from the group consisting of 
hydrogen, a carboxylate, a thiocarboxylate, an 
amide, a hydraZine, a sulfonate, a sulfoXide, a sul 
fone, a sul?te, a phosphate, a phosphonate, a phos 
phonium ion, an alcohol, a thiol, an amine, an 
ammonium, an alkyl ammonium, a nitrate; and 

[0019] ais1to40,bis0to3,cis1to30,dis1to 
3, and When d is 2 or 3 the R3 groups can be the same 
or different or can be linked together to form a ?ve 
to ten members cycloalkyl, cycloalkenyl, heterocy 
clic, aryl, or heteroaryl. The linking group can have 
the formula HS—C2H4—CH(SH)—(C4H8)— 
COOH. 

[0020] In another aspect, the invention features a method 
of forming an ionic conjugate from a modi?ed inorganic 
particle and a macromolecule. Both the particle and mol 
ecule include charged or ioniZable linking groups Which 
together can form complimentary ionic pairs to electrostati 
cally attach at least one macromolecule to the particle. The 
inorganic particle can be modi?ed by bonding one charged 
or ioniZable linking group to the particle surface. The 
macromolecule can be a modi?ed protein, such as by a 
recombinant protein process, to incorporate one end of a 
charged or ioniZable linking group, such as a chargeable 
polypeptide, onto the protein’s surface. 

[0021] In another aspect, the invention features, a recom 
binant protein electrostatically attached to a semiconducting 
nanoparticle. The recombinant protein can be a fusion 
protein including any protein imparting biological activity 
Which has been modi?ed, for eXample, to include a basic 
leucine Zipper. The leucine Zipper is a chargeable polypep 
tide having one end bound to the protein and another end 
unbound and protruding aWay from the surface of protein. 
The Zipper also includes a thiol group Which can form a 



US 2002/0182632 A1 

covalent bond With the thiol group of a leucine Zipper of 
another fusion protein to form a dimer of fusion proteins. 
The semiconducting nanoparticle can include dihydrolipoic 
acid groups Which electrostatically interact With the 
unbound end of the basic leucine Zipper to form the ionic 
conjugate. 

[0022] In another aspect, the invention features a nano 
particle having a core and overcoat. 

[0023] During routine preparation, an inorganic core of 
the nanocrystal is capped With an organic shell such as a 
trioctyl phosphine and trioctyl phosphine oxide mixture 
(TOP/TOPO), Which can be further modi?ed and thereby, 
permit post synthesis manipulation and tailoring of particle 
solubility in various solvents. Overcoating the CdSe core, 
for example, With a larger band gap semiconducting mate 
rial, e.g., ZnS or CdS, a process based on the concepts of 
band-gap engineering used in electronics, permits passiva 
tion of core surface states and reduces the leakage of 
excitons outside the core. This overcoating enhances the 
photochemical stability of these materials and improves the 
luminescence quantum yield substantially Without affecting 
the Wavelength and the spectral Width of the emission, i.e., 
CdSe—ZnS nanoparticles have an FWHM~40-60 nm. In 
addition, overcoating can enhance resistance to photo 
bleaching. The above properties enhance the sensitivity of 
detection approaches employing these nanoparticles for sig 
nal generation. Substantial PL intensities With good signal 
to-noise ratios, along With Well-resolved spectra, are mea 
sured for dispersions With concentrations much smaller than 
1 nanomole of nanoparticles per liter. Replacing the TOP/ 
TOPO cap With polar terminated groups alloWs dispersal of 
these core-overcoat nanoparticles in aqueous solutions With 
preservation of a high photoluminescence quantum yield. 
Presence of a dihydrolipoic acid provided stable Water 
dispersions of CdSe—ZnS nanoparticles With quantum 
yields of 15-20%. The dihydrolipoic acid groups on the 
surface of the nanoparticles are charged or ioniZable groups 
Which electrostatically attach to complimentary charged or 
ioniZable groups of a macromolecule. 

[0024] The ionic conjugates of this invention exhibit bio 
logical activity, are chemically stabile, and exhibit increased 
quantum yield relative to inorganic particles lacking an 
electrostatically bound protein. The conjugates also unex 
pectedly exhibit reduced aggregation relative to biological 
conjugates in Which a biological moiety is covalently bound 
directly to the inorganic particle. Another advantage of the 
process of producing ionic conjugates of this invention is its 
simplicity and versatility. For example, the desired protein 
attaches to the surface of the inorganic particle nearly 
instantaneously. 

[0025] Ionic conjugates including CdSe nanocrystals 
overcoated With ZnS and dithiol capping groups and self 
assembled With macromolecules offer several advantages: 1) 
because each dithiol-capping molecule can attach to tWo 
surface atoms, a higher surface passivation can be achieved 
With equal or even smaller density of capping groups per 
unit area, in comparison With mono-thiol capping molecules, 
for instance. 2) The carboxylic acid groups, Which permit 
dispersion of the nanocrystals in Water solutions at basic pH, 
also provides a surface charge distribution that can be used 
to directly self-assemble (or react) With other macromol 
ecules having a net positive charge. 3) The ZnS coverage 
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provides a better shielding of the CdSe core from the polar 
environment and a more ef?cient con?nement of the exciton 
(electron-hole pair), Which results in stable and highly 
luminescent nanocrystal dispersions in Water. Dispersions of 
core-overcoat nanocrystals in Water that are stable over a 

long period of time (several months) and a photolumines 
cence quantum yield of ~20% are easily prepared using the 
above approach. 4) The synthetic approach can be easily 
applied to a number of different core-overcoat nanocrystals 
and extended to other combinations of semiconducting 
materials, II-VI and III-V, Which can generate a group of 
?uorescent probes that can be spectrally tuned. This con 
trasts With the need of developing speci?c chemistry routes 
for each organic ?uorescent dye case-by-case. 5) The syn 
thesis of a macromolecule such as fusion proteins based on 
the construction vector strategy provides a general and 
consistent scheme to prepare a Wide selection of biological 
macromolecules that can perform speci?c functions and 
self-assemble With the nanocrystals. 6) The recombinant 
protein approach permits one to perform alterations of 
charged or ioniZable portion of the macromolecule, e.g., 
charge, siZe, stability to pH and temperature, and thereby 
alloW one to vary and control the self-assembly of the 
macromolecule such as to form monomers, dimers and 
tetramers of macromolecules Which can self-assemble onto 
the inorganic particle. Each of the macromolecules can 
include moieties having af?nities for the same or different 
biological agents. 7) Controlling the properties of the pep 
tide tail permits these proteins to interact non-covalently 
With a variety of materials (e. g., inorganic colloidal particles 
and even surfaces) that have opposite charge to those on the 
linker tail of the proteins. 

[0026] The details of one or more embodiments of the 
invention are set forth in the accompanying draWings and 
the description beloW. Other features, objects, and advan 
tages of the invention Will be apparent from the description 
and draWings, and from the claims. 

DESCRIPTION OF DRAWINGS 

[0027] FIG. 1 is a schematic vieW of an ionic conjugate of 
this invention. 

[0028] FIGS. 2A-2B are schematic cross-sections of inor 
ganic particles of the ionic conjugates of FIG. 1. 

[0029] FIG. 3A is a schematic vieW of a recombinant 
protein, a fusion protein, of the ionic conjugates of FIG. 1. 

[0030] FIG. 3B is diagrammatic vieW of an ioniZable 
linking group protruding from the surface of the recombi 
nant protein of FIG. 3A. 

[0031] FIG. 3C is a schematic vieW of another recombi 
nant protein of the ionic conjugate of FIG. 1. 

[0032] FIGS. 4A-4B are a detailed vieW of the ionic 
conjugate shoWn in FIG. 1. 

[0033] FIG. 5 includes absorption and photoluminescence 
spectra of solutions containing CdSe—ZnS semiconducting 
particles and CdSe—ZnS semiconducting particles coated 
With MBP-Zipper. 

[0034] FIGS. 6A-6C shoWs cross-sections (~15 mm thick 
each) of thin ?lm solutions of CdSe—ZnS nanoparticles 
coated With MBP-leucine Zipper recombinant proteins (a); 
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uncoated CdSe—ZnS nanoparticles (b); CdSe—ZnS nano 
particles coated With IgG using a covalent cross-linking 
agent EDAC 

[0035] FIG. 7A is a graph of photoluminescence as a 
function of the number of electrostatically bound proteins. 

[0036] FIG. 7B is a graph of photoluminescence as a 
function of pH. 

[0037] Note that like reference symbols in the various 
draWings indicate like elements. 

DETAILED DESCRIPTION 

[0038] The ionic conjugates include an inorganic particle 
electrostatically associated With a macromolecule. The mac 
romolecule can be selected to interact With a predetermined 
species. As a result, the ionic conjugates can be used in 
assays to detect the presence of or to quantify the amounts 
of speci?c compounds, detect speci?c interactions of bio 
logical systems, detect speci?c biological processes, detect 
alterations in speci?c biological processes, or detect alter 
ations in the structure of speci?c compounds. 

[0039] Referring to FIG. 1, an ionic conjugate 10 includes 
an inorganic particle 20 and a macromolecule 40 each of 
Which include a linking group 30 and 50, respectively, to 
associatively bind particle 20 to macromolecule 40 at ends 
31 and 51. Ends 31 and 51 are charged or ioniZable, i.e., the 
ends can contain localiZed amounts of positive or negative 
charge, and form complementary ionic or electrostatic pairs, 
such as a partial negative charge on end 31 and a partial 
positive on charge 51, or vice versa. In general, macromol 
ecule 40 includes a linking group at any location in or on the 
macromolecule that is accessible to interact electrostatically 
With linking group 30 to attach the macromolecule to 
inorganic particle 20. Typically, the charged or ioniZable 
portion of linking group 50 extends (protrudes) aWay from 
the macromolecule 40. 

[0040] In general the inorganic particle can be any inor 
ganic material exhibiting a distinct physical property that 
can be used to identify that material. The physical properties 
can be, but are not limited to, magnetic properties or optical 
properties. Optical properties include, but are not limited to, 
emission such as photoluminescence, absorption, scattering 
and plasmon resonances. For example, the inorganic particle 
can be illuminated With a light source at an absorption 
Wavelength to cause an emission at an emission Wavelength 
that can be used to distinguish the emitting material from 
other materials. 

[0041] Examples of inorganic particles include, but are not 
limited to, inorganic colloids and semiconducting nanopar 
ticles. The particles can be metallic or magnetic particles. 
The particles also can be crystalline particles. Examples of 
inorganic colloids include Ag, Au, or a phosphor. The 
phosphor can be a inorganic phosphor, such as a rare earth 
oxide. The inorganic colloids can exhibit distinct re?ectivity 
and scattering properties, plasmon resonances, to radiation 
depending on the siZe of the particles in the colloid. 
Examples of semiconducting nanoparticles include, but are 
not limited to, elements from groups II-VI, III-V, and IV of 
the periodic table. Elements from these groups include, but 
are not limited to, CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe, 
MgTe, GaAs, GaP, GaSb, GaN, HgS, HgSe, HgTe, InAs, 
InP, InSb, InN, AlAs, AlP, AlSb, AlS, PbS, PbSe, Ge, Si, or 
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an alloy or mixture thereof, including ternary and quaternary 
mixtures. The semiconducting nanoparticles can be semi 
conducting nanocrystals. The nanocrystals can be illumi 
nated With a light source at an absorption Wavelength to 
cause an emission at an emission Wavelength. The emission 
has a frequency that corresponds to the band gap of the 
quantum con?ned semiconductor material. The band gap is 
a function of the siZe of the nanocrystal. Nanocrystals 
having small diameters can have properties intermediate 
betWeen molecular and bulk forms of matter. For example, 
nanocrystals based on semiconductor materials having small 
diameters can exhibit quantum con?nement of both the 
electron and hole in all three dimensions, Which leads to an 
increase in the effective band gap of the material With 
decreasing crystallite siZe. Consequently, both the optical 
absorption and emission of nanocrystals shift to the blue 
(i.e., to higher energies) as the siZe of the crystallites 
decreases. 

[0042] The emission from the nanocrystal can be a narroW 
Gaussian emission band that can be tuned through the 
complete Wavelength range of the ultraviolet, visible, or 
infrared regions of the spectrum by varying the siZe of the 
nanocrystal, the composition of the nanocrystal, or both. For 
example, CdSe can be tuned in the visible region and InAs 
can be tuned in the infrared region. The narroW siZe distri 
bution of a population of nanocrystals can result in emission 
of light in a narroW spectral range. The population can be 
monodisperse and can exhibit less than a 15% rms deviation 
in diameter of the nanocrystals, preferably less than 10%, 
more preferably less than 5%. Spectral emissions in a 
narroW range of no greater than about 75 nm, preferably 60 
nm, more preferably 40 nm, and most preferably 30 nm full 
Width at half max (FWHM) can be observed. The breadth of 
the emission decreases as the polydispersity of nanocrystal 
diameters decreases. Semiconductor nanocrystals can have 
high emission quantum ef?ciencies such as greater than 
10%, 20%, 30%, 40%, 50%, 60%, 70%, or 80%. 

[0043] The semiconductor forming the nanocrystals can 
include Group II-VI compounds, Group II-V compounds, 
Group III-VI compounds, Group III-V compounds, Group 
IV-VI compounds, Group I-III-VI compounds, Group II-IV 
VI compounds, and Group II-IV-V compounds, for example, 
ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, 
AlN, Alp, AlAs, AlSb, GaN, GaP, GaAs, GaSb, GaSe, InN, 
InP, InAs, InSb, TlN, TlP, TlAs, TlSb, PbS, PbSe, PbTe, or 
mixtures thereof. 

[0044] Methods of preparing monodisperse semiconduc 
tor nanocrystals include pyrolysis of organometallic 
reagents, such as dimethyl cadmium, injected into a hot, 
coordinating solvent. This permits discrete nucleation and 
results in the controlled groWth of macroscopic quantities of 
nanocrystals. Preparation and manipulation of nanocrystals 
are described, for example, in US. application Ser. No. 
08/969,302, incorporated herein by reference in its entirety. 
The method of manufacturing a nanocrystal is a colloidal 
groWth process. Colloidal groWth occurs by rapidly injecting 
an M donor and an X donor into a hot coordinating solvent. 
The injection produces a nucleus that can be groWn in a 
controlled manner to form a nanocrystal. The reaction 
mixture can be gently heated to groW and anneal the 
nanocrystal. Both the average siZe and the siZe distribution 
of the nanocrystals in a sample are dependent on the groWth 
temperature. The groWth temperature necessary to maintain 
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steady growth increases With increasing average crystal siZe. 
The nanocrystal is a member of a population of nanocrystals. 
As a result of the discrete nucleation and controlled growth, 
the population of nanocrystals obtained has a narroW, mono 
disperse distribution of diameters. The monodisperse distri 
bution of diameters can also be referred to as a siZe. The 
process of controlled groWth and annealing of the nanoc 
rystals in the coordinating solvent that folloWs nucleation 
can also result in uniform surface derivatiZation and regular 
core structures. As the siZe distribution sharpens, the tem 
perature can be raised to maintain steady groWth. By adding 
more M donor or X donor, the groWth period can be 
shortened. 

[0045] The M donor can be an inorganic compound, an 
organometallic compound, or elemental metal. M is cad 
mium, Zinc, magnesium, mercury, aluminum, gallium, 
indium or thallium. The X donor is a compound capable of 
reacting With the M donor to form a material With the 
general formula MX. Typically, the X donor is a chalco 
genide donor or a pnictide donor, such as a phosphine 
chalcogenide, a bis(silyl) chalcogenide, dioxygen, an ammo 
nium salt, or a tris(silyl) pnictide. Suitable X donors include 
dioxygen, bis(trimethylsilyl) selenide ((TMS)2Se), trialkyl 
phosphine selenides such as (tri-n-octylphosphine) selenide 
(TOPSe) or (tri-n-butylphosphine) selenide (TBPSe), tri 
alkyl phosphine tellurides such as (tri-n-octylphosphine) 
telluride (TOPTe) or hexapropylphosphorustriamide tellu 
ride (HPPTTe), bis(trimethylsilyl)telluride ((TMS)2Te), 
bis(trimethylsilyl)sul?de ((TMS)2S), a trialkyl phosphine 
sul?de such as (tri-n-octylphosphine) sul?de (TOPS), an 
ammonium salt such as an ammonium halide (e.g., NH4Cl), 
tris(trimethylsilyl) phosphide ((TMS)3P), tris(trimethylsilyl) 
arsenide ((TMS)3As), or tris(trimethylsilyl) antimonide 
((TMS)3Sb). In certain embodiments, the M donor and the 
X donor can be moieties Within the same molecule. 

[0046] Acoordinating solvent can help control the groWth 
of the nanocrystal. The coordinating solvent is a compound 
having a donor lone pair that, for example, has a lone 
electron pair available to coordinate to a surface of the 
groWing nanocrystal. Solvent coordination can stabiliZe the 
groWing nanocrystal. Typical coordinating solvents include 
alkyl phosphines, alkyl phosphine oxides, alkyl phosphonic 
acids, or alkyl phosphinic acids, hoWever, other coordinating 
solvents, such as pyridines, furans, and amines may also be 
suitable for the nanocrystal production. Examples of suitable 
coordinating solvents include pyridine, tri-n-octyl phos 
phine (TOP) and tri-n-octyl phosphine oxide (TOPO). Tech 
nical grade TOPO can be used. 

[0047] SiZe distribution during the groWth stage of the 
reaction can be estimated by monitoring the absorption line 
Widths of the particles. Modi?cation of the reaction tem 
perature in response to changes in the absorption spectrum 
or emission spectrum of the particles alloWs the maintenance 
of a sharp particle siZe distribution during groWth. Reactants 
can be added to the nucleation solution during crystal 
groWth to groW larger crystals. By stopping groWth at a 
particular nanocrystal average diameter and choosing the 
proper composition of the semiconducting material, the 
emission spectra of the nanocrystals can be tuned continu 
ously over the Wavelength range of 400 nm to 800 nm. The 
nanocrystal has a diameter of less than 150 Apopulation 
of nanocrystals has average diameters in the range of 15 Ato 
125 A. 
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[0048] The nanocrystal can be a member of a population 
of nanocrystals having a narroW siZe distribution. The 
nanocrystal can be a sphere, rod, disk, or other shape. The 
nanocrystal can include a core of a semiconductor material. 
The nanocrystal can include a core having the formula MX, 
Where M is cadmium, Zinc, magnesium, mercury, aluminum, 
gallium, indium, thallium, or mixtures thereof, and X is 
oxygen, sulfur, selenium, tellurium, nitrogen, phosphorus, 
arsenic, antimony, or mixtures thereof. 

[0049] The core can have an overcoating on a surface of 
the core. The overcoating can be a semiconductor material 
having a composition different from the composition of the 
core. The overcoat of a semiconductor material on a surface 

of the nanocrystal can include a Group II-VI compounds, 
Group II-V compounds, Group III-VI compounds, Group 
III-V compounds, Group IV-VI compounds, Group I-III-VI 
compounds, Group II-IV-VI compounds, and Group II-IV-V 
compounds, for example, ZnS, ZnO, ZnSe, ZnTe, CdS, 
CdO, CdSe, CdTe, MgS, MgSe, HgO, HgS, HgSe, HgTe, 
AlN, AlP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, GaSe, InN, 
InP, InAs, InSb, TlN, TlP, TlAs, TlSb, PbS, PbSe, PbTe, 
SiO2, or mixtures thereof. For example, ZnS, ZnSe or CdS 
overcoatings can be groWn on CdSe or CdTe nanocrystals. 
An overcoating process is described, for example, in US. 
application Ser. No. 08/969,302, incorporated herein by 
reference in its entirety. By adjusting the temperature of the 
reaction mixture during overcoating and monitoring the 
absorption spectrum or absorption spectrum of the core, 
over coated materials having high emission quantum ef? 
ciencies and narroW siZe distributions can be obtained. 

[0050] The particle siZe distribution can be further re?ned 
by siZe selective precipitation With a poor solvent for the 
nanocrystals, such as methanol/butanol as described in US. 
application Ser. No. 08/969,302, incorporated herein by 
reference. For example, nanocrystals can be dispersed in a 
solution of 10% butanol in hexane. Methanol can be added 
dropWise to this stirring solution until opalescence persists. 
Separation of supernatant and ?occulate by centrifugation 
produces a precipitate enriched With the largest crystallites 
in the sample. This procedure can be repeated until no 
further sharpening of the optical absorption spectrum is 
noted. SiZe-selective precipitation can be carried out in a 
variety of solvent/nonsolvent pairs, including pyridine/hex 
ane and chloroform/methanol. The siZe-selected nanocrystal 
population can have no more than a 15% rms deviation from 
mean diameter, preferably 10% rms deviation or less, and 
more preferably 5% rms deviation or less. 

[0051] The outer surface of the nanocrystal can include a 
layer of compounds derived from the coordinating solvent 
used during the groWth process. The surface can be modi?ed 
by repeated exposure to an excess of a competing coordi 
nating group to form an overlayer. For example, a dispersion 
of the capped nanocrystal can be treated With a coordinating 
organic compound, such as pyridine, to produce crystallites 
Which disperse readily in pyridine, methanol, and aromatics 
but no longer disperse in aliphatic solvents. Such a surface 
exchange process can be carried out With any compound 
capable of coordinating to or bonding With the outer surface 
of the nanocrystal, including, for example, phosphines, 
thiols, amines and phosphates. The nanocrystal can be 
exposed to short chain polymers Which exhibit an af?nity for 
the surface and Which terminate in a moiety having an 
af?nity for a suspension or dispersion medium. Such affinity 
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improves the stability of the suspension and discourages 
?occulation of the nanocrystal. 

[0052] Transmission electron microscopy (TEM) or small 
angle x-ray scattering (SAXS) can provide information 
about the siZe, shape, and distribution of the nanocrystal 
population. PoWder x-ray diffraction (XRD) patterns can 
provided the most complete information regarding the type 
and quality of the crystal structure of the nanocrystals. 
Estimates of siZe are also possible since particle diameter is 
inversely related, via the X-ray coherence length, to the peak 
Width. For example, the diameter of the nanocrystal can be 
measured directly by transmission electron microscopy or 
estimated from x-ray diffraction data using, for example, the 
Scherrer equation. It also can be estimated from the UV/Vis 
absorption spectrum. 

[0053] Amacromolecule can be any, organic or inorganic, 
species including a charged, chargeable, or ioniZable group. 
The charged, chargeable, or ioniZable group can be, but is 
not limited to, a carboxylate, a thiocarboxylate, an amide, a 
hydraZine, a sulfonate, a sulfoxide, a sulfone, a sul?te, a 
phosphate, a phosphonate, a phosphonium ion, an alcohol, a 
thiol, an amine, an ammonium, a quarternary ammonium, an 
alkyl ammonium, or a nitrate. For example, the ioniZable 
group can be an acidic or basic side chain of an amino acid 
such as lysine, arginine, histidine, aspartate, or glutamate. 
The macromolecule can include a plurality of ioniZable 
groups such in polylysine, poly (acrylic acid) (PAA), poly 
(allyl amine hydrochloride) (PAH), sulfonated polystyrene 
(SPS), and polydiallyldimethylammonium chloride (PDAD 
MAC). The macromolecule can be a polypeptide or a 
polynucleotide. 

[0054] The macromolecule can exhibit a speci?c interac 
tion With a separate molecule or biological target. For 
example, the macromolecule can include a protein, antibody, 
DNA, RNA, or cell membrane, Which binds, interacts, or 
complexes With a speci?c compound. Alternatively, a mac 
romolecule that does not exhibit a desired af?nity for a 
predetermined species can be attached to a chemical or 
biological moiety, such as a protein, antibody, DNA, RNA, 
or cell membrane, that exhibits the desired interaction. For 
example, the macromolecule can be attached to the chemical 
or biological moiety by biological processes, e.g., from 
cultures of recombinant organisms (bacteria, yeast, insect, or 
mammalian cells), or, alternatively, by totally synthetic or 
semi-synthetic methods. The biological moiety, Whether 
RNA, cDNA, genomic DNA, vectors, viruses or hybrids 
thereof, may be isolated from a variety of sources, geneti 
cally engineered, ampli?ed, and/or expressed recombi 
nantly. Any recombinant expression system can be used, 
including, in addition to bacterial cells, e.g., mammalian, 
yeast, insect or plant cell expression systems. Examples of 
biological moieties include maltose binding protein (MBP) 
and immunoglobulin G binding protein (Protein G). 

[0055] Alternatively, nucleic acids can be synthesiZed in 
vitro by Well-knoWn chemical synthesis techniques, as 
described in, e.g., Carruthers (1982) Cold Spring Harbor 
Symp. Quant. Biol. 47:411-418; Adams (1983) J. Am. 
Chem. Soc. 105:661; Belousov (1997) Nucleic Acids Res. 
25:3440-3444; Frenkel (1995) Free Radic. Biol. Med. 
19:373-380; Blommers (1994) Biochemistry 33:7886-7896; 
Narang (1979) Meth. EnZymol. 68:90; BroWn (1979) Meth. 
EnZymol. 68:109; Beaucage (1981) Tetra. Lett. 22:1859; 
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US. Pat. No. 4,458,066. Double stranded DNA fragments 
may then be obtained either by synthesiZing the comple 
mentary strand and annealing the strands together under 
appropriate conditions, or by adding the complementary 
strand using DNA polymerase With an appropriate primer 
sequence. 

[0056] Techniques for the manipulation of nucleic acids, 
such as, e.g., generating mutations in sequences, subcloning, 
labeling probes, sequencing, hybridiZation and the like are 
Well described in the scienti?c and patent literature, see, e. g., 
Sambrook, ed., Molecular Cloning: a Laboratory Manual 
(2nd ed.), Vols. 1-3, Cold Spring Harbor Laboratory, (1989); 
Current Protocols in Molecular Biology, Ausubel, ed. John 
Wiley & Sons, Inc., NeW York (1997); Laboratory Tech 
niques in Biochemistry and Molecular Biology: HybridiZa 
tion With Nucleic Acid Probes, Part I. Theory and Nucleic 
Acid Preparation, Tijssen, ed. Elsevier, NY. (1993). Tech 
niques for inserting a charged or ioniZable macromolecule, 
such as leucine Zippers, are also discussed in “Peptide 
‘Velcro’: Design of a Heterodimeric Coiled Coil,” Current 
Biology 3(10), 658-667 (1993), by O’Shea et al. and in 
“Fiber-Optic Fluorometric Sensing of Polymerase Chain 
Reaction-Ampli?ed DNA Using an ImmobiliZed DNA Cap 
ture Protein,” Analyt. Biochemistry 235, 61-72 (1996), by 
Mauro et al. 

[0057] Recombinant (fusion) proteins can be prepared in a 
constructed plasmid (double stranded DNA) using appro 
priate cloning strategies, a technique familiar in bioengi 
neering manipulation of molecules. The cloning and the 
protein expression steps can be carried out in Escherichia 
coli coli), Which also serves as the groWth environment. 
Appropriate and speci?c enZymes (restriction endonu 
cleases) can be introduced to cut the plasmid at the proper 
polylinker cloning site Where the gene With the speci?c 
function is introduced. Alinking group such as a peptide tail 
can then be cloned on the carboxy terminal end of the coding 
region of the biological moieties having a desired function. 
Biological moieties include the maltose binding protein 
(MBP), Which binds to the sugar maltose With high affinity, 
and protein G, Which is knoWn to speci?cally bind, through 
its b-subunit, to the Fc region of immoglobulin G (IgG). The 
biological moieties also can be further mutated such that the 
moieties exhibits a desired function, such as binding to a 
speci?c biological target. For instance, protein G can be 
modi?ed both to interact With a speci?c molecule and to 
incorporate a leucine Zipper functionality. Protein G then can 
be electrostatically attached to the inorganic particle and 
used to detect interactions With the speci?ed biological 
target. 

[0058] A synthetic method for attaching the macromol 
ecule to a biological moiety can be performed via knoWn 
solid-phase peptide coupling technology. For example the 
macromolecule can be formed of a single covalently-linked 
polypeptide chain including an charged or ioniZable portion 
and a portion exhibiting biological speci?city. Synthetic 
methods for producing the macromolecule can include pro 
cesses in Which all or part of either or both constituent 
polypeptides, i.e., the charged or ioniZable and biologically 
speci?c portions, forming the macromolecule are prepared 
using in vitro synthesis. Alternatively, all or part of either or 
both constituent polypeptide chains can be prepared using 
the above recombinant organism(s). For example, the 
charged or ioniZable portion of a polypeptide can be pro 
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duced synthetically and the biologically speci?c portion can 
be obtained by recombinant or synthetic methods. If the 
charged/ioniZable and biologically speci?c portions are 
obtained independently, they can be attached by a) a chemi 
cal means after chemically activating the peptide termini, 
such as With EDC (1-ethyl-3,3-dimethylaminopropyl carbi 
imide) coupling, b) enZymatically assisted catalysis of acti 
vated or unactivated polypeptides, c) formation of disul?de 
(S—S) bonds promoted by oxidation utiliZing 02 or by 
additional chemical or enZymatic means, or d) by utiliZing 
non-covalent electrostatic or hydrophobic interactions sepa 
rate from the self-assembly interactions used to electrostati 
cally attach a macromolecule to a particle. The synthetic 
methods also include attaching charged or ioniZable portions 
by any of the above methods to polynucleic acid aptamers 
(DNA or RNA), peptide nucleic acid (PNA) oligomer, 
oligosaccharides, lipopolysacccharide, polydextrins, cyclic 
polydextrins, croWn ethers or similar derivatives, and other 
natural or synthetic “receptor” species. 

[0059] In alternative synthetic approach, a self-assembled 
complex can be formed via an electrostatic conjugation of a 
positively charged polyelectrolyte, such as polydially 
dimethlyammonium chloride, With a negatively charged 
phosphine-carboxylic acid complex, such as tris 2-carboxy 
ethylphophine. The resulting complex can be coupled to the 
particles, With the phosphine groups providing a tether to 
bind to the particle surface, While the positively charged 
polymer facilitates particle Water-soluble. The charged poly 
mers can include terminal amine or hydroxyl groups, or can 

be copolymeriZed With an amino or hydroxyl group con 
taining monomer, such as allyl amine and hydroxymethacry 
late. Standard EDC-type coupling chemistry can be used to 
effectuate a linkage, such as via a peptide bond, betWeen the 
amino or hydroxyl groups and a biological moiety to pro 
duce a self-assembled ionic conjugate that exhibits an spe 
ci?c biological af?nity. 

[0060] Referring to FIG. 2A, in some embodiments, the 
inorganic particle is a semiconducting nanocrystal 100 
including a semiconducting core 110 and a overcoat 120 
encapsulating the core. Semiconducting core 110 and over 
coat 120 are made of the semiconducting elements described 
above. A plurality of linking groups 130 attach to a surface 
of overcoat 120 via a surface interactive group 132 Which 
associates With the materials of the overcoat or nanocrystal. 
Typically, the band gap energy of the overcoat material is 
larger than the band gap energy of the core. Each linking 
group 130 also contains a charged or ioniZable group 136 
tethered to surface interactive group 132 by a spacer 134. In 
general, spacer 134 is long enough to prohibit electron 
charge transfer betWeen groups 132 or 120 and 136. 

[0061] Referring to FIG. 2B, in other embodiments, an 
inorganic particle 200 of this invention is an inorganic 
colloid particle 210 having a plurality of linking groups 220 
attached to a surface of particle 210 via a surface interactive 
group 222. Linking group 220 is similar to linking group 130 
described above and includes a charged or ioniZable group 
226 and a spacer 224. 

[0062] In general, the inorganic particles of this invention 
have a diameter betWeen about 10 A and about 1000 A; 
preferably betWeen about 10 A and about 500 A; and most 
preferably betWeen about 10 A and about 250 The siZe 
dispersion about a mean siZe of the inorganic particles, 
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typically, is less than about 20%; preferably less than about 
15%; and more preferably less than about 10%; and most 
preferably less than about 5%. In general, more than about 
40%; preferably more than about 50% fall; and most pref 
erably more than about 60% of the particles fall Within a 
speci?ed particle siZe range. 

[0063] The surface interactive group can be any chemical 
moiety having elements or chemical groups contained 
therein that are capable of binding to the surface of the 
inorganic particle. For example, the surface group can 
include S, N, P, O, or O=P groups. Charged or ioniZable 
groups 136 and 226 can include any ioniZable chemical 
group or any chemical group having a native charge, such as 
a quarternary ammonium group. Examples of charged or 
ioniZable chemical groups include, but are not limited to, 
hydroxides, alkoxides, carboxylate, sulfonate, phosphate, 
phosphonate, quaternary ammonium, and the like. 

[0064] Linking groups 30, 130, 220 also help to form a 
Water-solubiliZing layer around the particles. In certain 
embodiments, the surface of the inorganic particle includes 
a plurality of linking groups, some of Which help to Water 
solubiliZe the particle and do not electrostatically associate 
With macromolecules, and others Which do. The linking 
groups also can make the particles more stable (i.e., the 
particles can be used in dilute concentrations). For example, 
a monodentate linking group can be put on the surface of the 
particle, and then by self-assembly, a monolayer of an 
oligomer can be Wrapped around the particle to effectively 
cross-link the functional groups on the surface of the par 
ticle. Self-assembly permits control of assembling the ionic 
conjugates at the nanometer scale and is similar to the 
technique of layer-by-layer self-assembly (or sequential 
adsorption) used to assemble large synthetic and biological 
polymers. See for example “Molecular-Level processing of 
Conjugated Polymers 0.1. Layer-by-Layer Manipulation of 
Conjugated Polyions,” Macromolecules 28, 7107 (1995), by 
M. Ferreira and M. F. Rubner; “NeW Nanocomposite Films 
for Biosensors: Layer-by-Layer Adsorbed Films of Poly 
electrolytes, Proteins or DNA,” Biosensors & Bioelectronics 
9, 677-684 (1994), by Decher et al.; and “FuZZy Nanoas 
semblies: ToWard Layered Polymeric Multicomposites,” 
Science 277: 1232-1237 (1997), by G. Decher. 

[0065] In preferred embodiments linking groups 30, 130, 
and 220 have the formula: 

[0066] Wherein (R1)a is one or more surface interactive 
groups, R2 is the spacer, and [(R3)b(R4)c]d is the charged or 
ioniZable group; 

[0067] R1 is selected from the group consisting of 
C1-C100 heteroalkyl, C2-C100 heteroalkenyl, het 
eroalkynyl, —OR, —SH, —NHR, —NR‘R“, 
—N(O)HR, —N(O)R‘R“, —PHR, —PR‘R“, 
—P(NR‘R“)NR‘R“, P(O)R‘R“, P(O)(NR‘R“)NR‘R“, 
—P(O)(OR‘)OR“, P(O)OR, P(O)NR‘R“, 
—P(S)(OR‘)OR“, and P(S)OR, Wherein R, R‘, R“ are 
independently selected from the group consisting of 
H, a branched or unbranched C1-C100 alkyl, 
branched or unbranched C2-C100 alkenyl, 
branched or unbranched C2-C100 alkynyl, 
branched or unbranched C1-C100 heteroalkyl, 
branched or unbranched C2-C100 heteroalkenyl, 
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branched or unbranched C2-C100 heteroalkynyl, 
With the proviso that When a is greater than 1 the R1 
groups can be attached to the R2 or R3 groups at the 
same or different atoms Within those groups, the R1 
groups can be the same or different, or the R1 groups 
can form a six, seven, eight, nine, or ten membered 
cycloalkyl, cycloalkenyl, thereocyclic, aryl, het 
eroaryl, or a six- to thirty-membered croWn ether or 
heterocroWn ether; 

[0068] R2 is selected from a bond (i.e., R2 is absent in 
Which case R1 attaches to R3), a branched or 
unbranched C2-C100 alkylene, a branched or 
unbranched C2-C100 alkenylene, a branched or 
unbranched C2-C100 heteroalkenylene, cycloalkyl, 
cycloalkenyl, cycloalkynyl, heterocyclic, aryl, and 
heteroaryl; 

[0069] R3 is selected from a branched or unbranched 
C2-C100 alkylene, a branched or unbranched 
C2-C100 alkenylene, a branched or unbranched 
C2-C100 heteroalkenylene, cycloalkyl, cycloalk 
enyl, cycloalkynyl, heterocyclic, aryl, and het 
eroaryl; 

[0070] R4 is selected from the group consisting of 
hydrogen, a carboxylate, a thiocarboxylate, and 
amid, an amine, a hydraZine, a sulfonate, a sulfoxide, 
a sulfone, a sul?te, a phosphate, a phosphonate, a 
phosphonium ion, an alcohol, a thiol, an amine, an 
ammonium, an alkyl ammonium, a nitrate; and 

[0071] ais1to4,bis0to3,cis1to3,dis1to3, 
and When d is 2 or 3 the R3 groups can be the same 
or different or can be linked together to form a ?ve 
to ten members cycloalkyl, cycloalkenyl, heterocy 
clic, aryl, or heteroaryl. 

[0072] In another preferred embodiment, the linking group 
130 has the formula: 

[0073] Methods for preparing inorganic particles such as 
semiconducting CdSe nanoparticles With or With a overcoat 
material are discussed, for example, in “Semiconductor 
Nanocrystal Colloids: Manganese Doped Cadmium 
Selenide, (Core)Shell Composites for Biological Labeling, 
and Highly Fluorescent Cadmium Telluride,” MIT PhD 
Thesis, Sept. 1999, by F. V. Mikulec, in “(CdSe)ZnS core 
shell nanocrystals: Synthesis and characteriZation of a siZe 
series of highly luminescent nanocrystallites,” J. Phys. 
Chem. B 101, 9463-9475 (1997), by Dabbousi et al.; and in 
“Semiconductor Nanocrystals as Fluorescent Biological 
Labels,” Science 281, 2013-2016 (1998) by BrucheZ, Jr., et 
al. 

[0074] Referring to FIGS. 3A-3C, a biological moiety 
300, e.g., a recombinant protein having a speci?c biological 
function, includes protein 310 and a linking group 320 
protruding from the surface of protein 310. Linking group 
320 includes a coupling segment 326, such as a poly Asn 
linker, a bridging group 322, such as sulfur, and a tail 324. 
In certain embodiments, tail 324 is a polypeptide including 
approximately 30 amino acid residues. For example, tail can 
be any polypeptide Which is charged or ioniZable, i.e., 
contains localiZed amounts of positive or negative charge. 
FIG. 3B shoWs a positively charged tail 324 commonly 
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referred to as a leucine Zipper. Other possible tails include, 
but are not limited to, polypeptides including arginine or 
aspartate groups. Typically, proteins having a leucine Zipper 
tend to form dimers to minimiZe hydrophobic interactions 
(FIG. 3C). The resulting dimers are a high probability state 
for proteins encoded With leucine. Dimer 380, shoWn in 
FIG. 3C, includes tWo separate proteins 310 and 312, Which 
can be the same (a homodimer) or different (a heterodimer), 
linked via tWo bridging groups 322, e.g., thiol groups. Tails 
324 are attached to the surface of each protein through 
coupling group 326 Which can be an atom or a molecule, 
such as a polypeptide. Each of the bridging groups and 
coupling groups can be the same or different. 

[0075] Referring to FIG. 4A, an ionic conjugate 500 
includes an inorganic particle 510 electrostatically attached 
to proteins 540 via linking groups 520 and 530. In general, 
the biological moieties can electrostatically attach to the 
inorganic particle either as dimers or monomers. The dimer 
can be a homodimer or a heterodimer. Additionally, particle 
510 can be electrostatically associated With several proteins 
Which can be identical or different. A particle including 
different proteins can be used to simultaneously detect 
multiple biological targets of interest. Of course, the exact 
number of proteins attached to the particle depends on the 
diameter of the particle, the overall length of the linking 
groups, and the siZe of the protein. As seen in FIG. 4B, the 
number of proteins, N is given by the relationship: 

[0076] Where r2 and r1 are shoWn in FIG. 4B, (r23—r13) is 
the volume of space available for protein packing and V is 
the average volume of the proteins attached to the particle. 
Alternatively, N can be derived from the expression: 

[0077] Where rp is the radius of the protein. Typically, the 
ionic conjugate includes betWeen about 1 to about 25; 
preferably about 5 to about 15; and most preferably about 5 
to about 10 proteins electrostatically attached to an inorganic 
particle having a diameter of about 19 

[0078] In other embodiments, the inorganic particle can 
include an outer shell made up of either a) an organic shell, 
b) a thin silica layer, c) a combination of a and b. The organic 
shell can be monodentate or multidentate relative to the 
surface of the inorganic particles. The organic shell may also 
be polymeriZed around the particle. 

[0079] The outer shell can be functionaliZed With groups 
that can self-assemble to biological moieties that have been 
either attached to the biological moiety, self-assemble to the 
moiety itself, or self-assemble to a synthetic molecule Which 
then binds speci?cally to a biological moiety. The self 
assembly process may be an electrostatic interaction With 
the surface group. The self-assembly can be through hydro 
gen bonding or through hydrophobic interactions. 

[0080] Without further elaboration, it is believed that one 
skilled in the art can, based on the description herein, utiliZe 
the present invention to its fullest extent. The folloWing 
speci?c examples, Which describe syntheses, screening, and 
biological testing of various compounds of this invention, 
are therefore, to be construed as merely illustrative, and not 
limitative of the remainder of the disclosure in any Way 
Whatsoever. All publications recited herein, including pat 
ents, are hereby incorporated by reference in their entirety. 
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[0081] Synthesis of CdSe—ZnS-Lipoic Acid Nanopar 
ticles: 

[0082] Linking groups used to make semiconducting 
nanoparticles Water soluble are attached to the surface of the 
semiconducting particle by exchanging trioctylphosphine 
(TOP)/trioctlyphosphineoxide (TOPO) groups on the sur 
face of the particles With the desired linking group. A 
dihydrolipoic acid linking group Was prepared by reducing 
commercially available lipoic acid (also called thioctic acid) 
purchased from Aldrich as a poWder, With sodium borohy 
dride (NaBH4). See the procedure in A. F. Wagner, J. 
Organic Chemistry, 1956, 5079-81. The dihydrolipoic acid 
linking group increases the stability of the particle such that 
the modi?ed particles can be used at much more dilute 
conditions. The procedure for exchanging the surface groups 
of the particles procedure is described beloW. 

[0083] A volume of semiconducting nanoparticles 
(CdSe—ZnS) prepared using the synthesis route based on 
groWth and annealing of organometallic compounds at high 
temperature (See Dabbousi et al.), Was taken from the 
groWth solution and precipitated by the addition of metha 
nol. The nanoparticles included a ZnS-overcoating (5-7 
monolayers). The isolated precipitate Was then redispersed 
in a minimum volume of approximately 1:10 solution of 
butanol:hexane. Again, the semiconducting nanoparticles 
are crashed out by the addition of methanol. The procedure 
of precipitating, redispersing, and precipitating Was repeated 
2-3 times, until most of the TOP/T OPT groups on the surface 
of the particle Were removed. Aten to tWenty fold excess (by 
Weight) of the desired linking group Was added to the moist 
precipitate. The mixture Was placed in an oil bath (around 
60-80° C.) and stirred for approx. 3-12 hours. The group 
exchange procedure Was stopped by removing the mixture 
from the oil bath. The mixture Was diluted by adding a small 
amount of DMF (for approximately 200 mg of the desired 
linking group, 100-200 pl of DMF is suf?cient). Separately, 
another solution With a slight molar excess (1.5 :1) of potas 
sium t-butoxide in a 1:10 volume of DMF:H2O is prepared 
and added to the semiconducting particle/DMF solution 
prepared above to protonate the lipoic acid groups. AWhitish 
precipitate resulted, Which Was separated from the rest of the 
solution by centrifugation. The precipitate Was readily dis 
persed in Water. The nanocrystal dispersion Was puri?ed 
(from excess potassium t-butoxide and DMF) by concen 
trating from dilute solutions using an ultra-free centrifugal 
?ltration device (from Millipore With cut off at ~50,000 
daltons), and redispersing in Water. Repeating the operation 
3 to 4 times provides clean (a purity of ~95% or better) and 
stable dispersions in Water, Which have emission character 
istics of the nanocrystals and a PL yield of ~15-20%. 

[0084] In other synthetic schemes the base, tetramethy 
lammonium hydroxide can be substituted for potassium 
t-butoxide in DMF. The former base though can be stored 
under air, Whilst the latter needs to be kept in an inert 
atmosphere. The dihydrolipoic acid Works best if it totally 
clear. If the reduction lipoic acid to produce dihydrolipoic 
acid is not complete, a yelloW coloration of the solution Will 
be evident. The yelloW solution can be distilled (distills at 
140° C. under vacuum) to yield a clear solution of dihydro 
lipoic acid. 
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[0085] Cloning and preparation of MBP-Basic Zipper 
Proteins 

[0086] Background references: 
[0087] 1) For MBP dimer expression in bacteria: 

[0088] “Engineering the quaternary structure of an 
exported protein With a leucine Zipper,” Blondel, A. and 
Bedouelle, H (1991) Protein Eng. 4(4): 457-61. 

[0089] 2) For heterodimer formation via expressed 
recombinant proteins: 

[0090] “A general method of facilitating heterodimeric 
pairing betWeen proteins: application to expression of alpha 
and beta T-cell receptor extracellular segments,” Chang, H. 
C., Bao, Z., Yao, Y., Tse, A. G., Goyarts, E. C., Madsen, M., 
Kawasaki, E., Brauer, P. P., Sachettini, J. C., Nathenson, S. 
G. et al. (1994) Proc. Natl. Acad. Sci. USA 91(24): 11408 
11412. 

[0091] 3) For design and basic characteriZation of the 
leucine Zippers used in this Work: 

[0092] “Peptide Velcro: design of a heterodimeric coiled 
coil,” O’Shea, E. K., Lumb, K., and Kim, P. S. (1993) 
Current Biology 3(10): 658-667. 

[0093] 4) For a description of bioconjugates: 
[0094] “Bioconjugation of Highly Luminescent Colloidal 
CdSe—ZnS Quantum Dots With an Engineered TWo-Do 
main Recombinant Protein,” H. Mattoussi et al. (2001) Phys. 
Stat. Sol. (b), 224(1): 277-283. 

[0095] 5) For a description of bioconjugates: 
[0096] “Self-Assembly of CdSe—ZnS Quantum Dot Bio 
conjugates Using an Engineered Recombinant Protein,” H. 
Mattoussi et al. (2001) J. Am. Chem. Soc., 122: 12142 
12150. 

[0097] Preparation of the Basic (Positively Charged) Leu 
cine Zipper Gene 

[0098] TWo DNA oligonucleotide primers Were synthe 
siZed to anneal to the 5‘ and 3‘ ends of the basic leucine 
Zipper in the PCRIIBasic plasmid supplied by Chang et al. 

Primer l : 5 ' —TGCGGTGGCTCAGCTCAGTTG—3 ' 

Primer 2: 5'—GCTCTAGATTAATCCCCACCCTGGGCGAGTTTC-3' 

[0099] Using PCR, the basic Zipper Was ampli?ed using 
primers 1 and 2 and pfu polymerase to produce a DNA 
fragment of approximately 120 bp coding for the basic 
Zipper and With termini suitable for processing prior to 
insertion 3‘ of the MalE gene and coding for a stop codon 
and a unique cysteine residue 5‘ of the Zipper sequence for 
eventual covalent dimer formation in the expressed fusion 
protein. Processing of the ampli?ed Zipper-encoding frag 
ment Was achieved by digesting a portion of the DNA With 
restriction endonuclease XbaI to provide an appropriately 
overlapping 3‘ terminus for the subsequent cloning step. The 
5‘ end of the PCR fragment Was designed to be blunt ended, 
so no additional processing Was required prior to the next 
step. 

[0100] Cloning of the Leucine Zipper Gene onto the 
C-Terminal Coding Sequence for MBP 

[0101] The prepared DNA fragment Was then ligated 
enZymatically into the commercial vector pMal-c2 (NeW 












